Natural selection on polymorphic protein-coding loci of human immunodeficiency virus-l (HIV-l), the more geographically widespread of the two viruses causing human acquired immune deficiency syndrome (AIDS), was studied by estimating the rates of nucleotide substitution per site in comparisons among alleles classified in families of related alleles on the basis of a phylogenetic analysis. In the case of gag, pol, and gp41, the rate of synonymous substitution generally exceeded that of nonsynonymous substitution, indicating that these genes are subject to purifying selection. However, in the case of several of the variable (V) regions of the gp120 gene, especially V2 and V3, comparisons within and between families often showed a significantly higher rate of nonsynonymous than of synonymous nucleotide substitution. This pattern of nucleotide substitution indicates that positive Darwinian selection has acted to diversify these regions at the amino acid level. The V regions have been identified as probable epitopes for antibody recognition; therefore, avoidance of such recognition seems likely to be the basis for positive selection on these regions. By contrast, regions of HIV-1 proteins identified as epitopes for T cell recognition show no evidence of positive selection and are often highly conserved at the amino acid level. These results suggest that selection favoring avoidance of T cell recognition has not been a major factor in the history of HIV-l and thus that avoidance of T cell recognition is not likely to be a major factor in the pathogenesis of AIDS.
Introduction
Human immunodeficiency virus 1 (HIV-l), the more geographically widespread of the two viruses causing human acquired immunodeficiency syndrome (AIDS), is known to exhibit high levels of genetic polymorphism even within a single patient (Hahn et al. 1986; Fisher et al. 1988 ). Since viruses with RNA genomes are known to have high mutation rates (Holland et al. 1982) , one possible explanation for HIV-l polymorphism is that it is selectively neutral and that the high level of polymorphism is a consequence of the high mutation rate. An alternative hypothesis is that at least some HIV-1 polymorphisms are selectively maintained and that this natural selection arises as a result of host immune defenses against the virus (Simmonds et al. 1990; Phillips et al. 199 1; Holmes et al. 1992) . So far it has been difficult to decide between these two hypotheses.
A powerful method of discriminating between positive Darwinian selection and neutral polymorphism is to compare the rates of synonymous and nonsynony-mous nucleotide substitutions per site Nei 1988, 1989) . In the case of positive selection favoring diversity at the amino acid level, the rate of nonsynonymous substitution is found to exceed that of synonymous substitution.
Under purifying selection, as occurs in the case of most protein-coding genes, the synonymous rate is higher (Kimura 1977) . Simmonds et al. (1990) analyzed sequences of a highly variable region (V3) of the surface protein gp120 from HIV-1 and reported that the ratio of synonymous substitutions per site to nonsynonymous substitutions per site is 0.67, which is consistent with the hypothesis that this polymorphism is maintained by positive selection. However, these authors did not report the results of any statistical tests of the difference between rates of synonymous and nonsynonymous substitution; therefore, they did not rule out the possibility that the observed bias toward nonsynonymous substitution in this region was due to chance. By contrast, an analysis of a cytotoxic T cell (CTL) epitope in the gag protein of the simian immunodeficiency virus SIVmac failed to show statistically significant evidence of positive Darwinian selection, although considerable polymorphism was observed in this region and the occurrence of mutations eliminating CTL recognition was documented (Chen et al. 1992 ). To study the question of positive selection on HIV-1 genes in more detail, we estimated rates of synonymous and nonsynonymous substitution per site in the gag, pal, and env genes of HIV-1 from published sequences. Because the host' s immune system has been hypothesized to be a source of selection favoring diversity of HIV proteins, we analyzed separately regions reported to be involved in immune recognition. Even when an enhanced rate of nonsynonymous substitution is observed in comparisons of closely related sequences, the same pattern may not be observed when more distantly related sequences are compared Nei 1988, 1989; Tanaka and Nei 1989) . Presumably this occurs because selectively favored nonsynonymous substitutions become saturated over time, allowing the rate of synonymous substitution to overtake the rate of nonsynonymous substitution (Hughes and Nei 1988) . Therefore, we expected that evidence of positive selection on HIV-1 genes would be most apparent in comparisons of closely related genes. In order to identify such families of genes, we conducted phylogenetic analyses of HIV-1 gag, pal, and env genes.
The vertebrate immune system includes two different systems for molecular recognition that operate in quite different ways. T cell receptors (present on both CTL and helper T cells) recognize short peptides derived from intracellularly processed foreign proteins that are bound and presented on the cell surface by class I (in the case of CTL) and class II (in the case of helper T cells) major histocompatibility complex (MHC) molecules. Immunoglobulins, by contrast, recognize extracellular foreign antigens in their native state. By analyzing putative T cell and immunoglobulin epitopes separately, we obtained information regarding the relative importance of selection by these two components of immune recognition on HIV proteins.
Methods

Sequences Analyzed
The genomes of HIV-1 and HIV-2 and related lentiviruses contain three major genes, gag, pal, and env; proteins encoded by these genes make up the bulk of the infective virion (Arnold and Arnold 199 1) . In each case, the initial product of translation is a polyprotein that is then broken down into separate proteins. The gag gene encodes the virion structural proteins p 17 (matrix), p24 (capsid), and p7/p9 (nucleocapsid) (figs. 1 and U). The pol gene encodes protease, the component proteins of reverse transcriptase (~66, p5 1, and RNAse H), and integrase (figs. 1 and 2B). The env gene encodes the envelope glycoproteins gp 120 and gp4 1 (figs. 1 and 2C). Glycoprotein gp120 recognizes the CD4 receptor and thus enables entry into CD4+ T cells, and gp120 is also the primary target of anti-HIV antibodies (Arnold and Arnold 199 1) .
Comparison of gpl20 sequences has revealed five hypervariable regions (Vl-V5; fig. 2C ), and prediction of antigens likely to be recognized by host immunoglobulins suggested that these antigens would mainly be found in the hypervariable regions (Modrow et al. 1987) . Simmonds et al. (1990) computed rates of synonymous and nonsynonymous nucleotide substitution per site in the V3 and flanking region and reported that the nonsynonymous rate was higher. However, they did not report the results of any statistical test of the difference in rates, and because they studied PCR-amplified sequences in this region, they could not compare the rates of nucleotide substitution in V3 with those in other regions of gp120.
Regions of the HIV proteins that are bound by host MHC molecules and presented to T cells, or T cell epitopes (TCE), have been identified experimentally by the method of cellular immunology or by elution and direct sequencing of MHC-bound peptides. The former method generally does not determine the exact peptide bound by the MHC molecule but rather a broader region that presumably contains one or more such peptides. To test the hypothesis that natural selection acting on HIV proteins favors evasion of T cell recognition (Phillips et al. 1991) , we compared rates of nucleotide substitution in the remainder of the genes with those in TCE identified (1) by cellular methods (Schrier et al. 1988; Clerici et al. 1989; Wahren et al. 1989; Krowka et al. 1990 Dai et al. 1992; Johnson et al. 1992 Johnson et al. , 1993 (fig. 2) .
DNA sequences for gag, env, and pol genes of HIV-1, HIV-2, and SIV were collected from the GenBank database. The numbers of sequences used were as follows: 45 gag sequences, 46 gpl20 sequences, 35 gp4 1 sequences, and 33 pol sequences. The sequences are identified by accession number in the phylogenetic trees (figs. 3-6).
Statistical Methods
Sequences were aligned at the amino acid level by the CLUSTAL V program (Higgins et al. 1992) using default settings, and in some cases were corrected bv eve to imnrove the alignment. When a given set of sequences were compared, any codon at which the alignment postulated a gap in any sequence was excluded from each set of pairwise comparisons, so that a comparable data set was used in each comparison. Phylogenetic trees were constructed by the neighborjoining method (Saitou and Nei 1987) on the basis of the proportion of amino acid difference; amino acid sequences were used because synonymous nucleotide sites were saturated in many comparisons. The statistical significance of internal branches in phylogenetic trees was tested by Rzhetsky and Nei' s (1992) method. The phylogenetic analyses were used to identify families of closely related sequences, most of which cor- branch length are as in fig. 3 . branch length are as in fig. 3 . To test for natural selection acting on gag-and &encoded proteins, ds and dN were estimated separately for TCE and for the remainder of the gene ( fig.  2A-2B ). In the case of env, TCE mentioned in the literature include some that overlap the V3, V4, and V5 regions of gpl20 ( fig. 2C ). We estimated ds and dN for V 1 -V5 of gp 120; for TCE in gp 120 other than those overlapping one of the V regions; for the remainder of gpl20; for TCE in gp4 1 (Schrier et al. 1988; Wahren et al. 1989) ; and for the remainder of gp41 ( fig. 2C ).
Results
The phylogenetic tree of gag sequences ( fig. 3 ) is rooted by use of a sequence from feline immunodeficiency virus (FIV) as an outgroup.
As with previous phylogenetic analyses (Yokoyama 199 1 ), HIV-1 and HIV-2 clustered separately, with HIV-2 closer to genes from simian viruses. The trees for pol ( fig. 4), gp120 (fig.  5), and gp41 (fig. 6 ) were rooted by placing the root in the longest internal branch because in these cases FIV sequences were too distant for very reliable alignment. In the case of pol, HIV-2 sequences clustered more closely with simian sequences (fig. 4 ). In the case ofgag, pal, and gp120, families of closely related sequences were identified for analysis of rates of nucleotide substitution. Each such family constituted a cluster of closely related Natural Selection on HIV-l 809 sequences, and in most cases the cluster was supported by a statistically significant internal branch ( figs. 3-5) . The same families that were identified for gp120 (designated A-E in fig. 5 ) were seen on the gp41 tree ( fig.  6 ), except for family E, for which gp41 sequences were not available.
Numbers of nucleotide substitutions per synonymous site and per nonsynonymous site were estimated within seven families of gag sequences (table 1) . Both in regions identified as TCE and in the remainder of the gene, ds exceeded dN; and this difference was statistically significant for all but one family (table 1) . This pattern is indicative of purifying selection. In the case of pol, rates of nucleotide substitution were estimated within three families, one from HIV-l, one from HIV-2, and one from SIV (table 2). In each case, ds was significantly greater than dN both in TCE and the remainder of the protease, reverse transcriptase, and integrase genes, and the difference is statistically significant for all comparisons but two (table 2) .
The pattern of nucleotide substitution seen in the case of the env gene differed from that of either pal or gag. In families B, C, and E, dN was significantly greater than ds in the V2 region; and in families B and C, dN was significantly greater than ds in the V3 region (table  3) . Family C was remarkable in that it showed dN significantly greater than ds in the V4 region (table 3) . When overall means were computed for the five gpl20 families, mean dN was significantly greater than mean ds in the case of V2 and V3; in the case of V 1, V4, and V5 and the TCE, ds and dN did not differ significantly. In the remainder of gpl20 ds was significantly greater than dN (table 3) . By contrast, gp41 showed ds significantly greater than dN in both TCE and the remainder of the gene in overall means for families A-D (table 3) . Table 4 shows comparisons of V 1 -V5, the remainder of gp120, and gp41 among the four families (A-D) for which gp120 and gp41 sequences were available. In three of six pairwise comparisons, dN was significantly greater than ds in V2. Likewise, in two comparisons, dN was significantly greater than ds in VI. However, no such pattern was seen in the case of V3-V5. In the remainder of gp120 and in gp41, ds was greater than dN in all comparisons, and the difference was significant in two cases for gp120 and in five cases for gp41 (table 4) . When TCE were compared between families, ds was always greater than d,, although this difference was generally not significant (data not shown); therefore, data for the TCE were not included in table 4.
Recent analysis of self peptides bound by human class I MHC molecules (i.e., peptides derived from self proteins and presented by class I MHC molecules on the surface of noninfected cells) showed that these peptides tend to be derived from proteins that have been 3.9 -+ 0.6 11.9 f 2.0 9.6 +-0.9 9.2 f 2.0 4.2 -t 0.7* 4.8 1 1.0 2.7 + 0.4 6.9 + 1.4 3.1 + 0.4* 9.8 + 1.7 2.6 + 0.4*** NOTE.-Standard errors of mean ds and dN are computed by Nei and Jin' s ( 1989) method. Tests of the hypothesis that ds = dN: *P < 0.05; **P < 0.0 I; ***P < 0.001.
highly conserved evolutionarily and from the most conserved regions of these proteins (Hughes and Hughes 1995) . Furthermore, these peptides tend to be derived from relatively hydrophobic portions of proteins that are hydrophilic overall (Hughes and Hughes 1995) . To test whether HIV-derived peptides bound by host class I MHC molecules have similar characteristics, we compared these peptides with their source proteins (table 5). So that we would have a measure of evolutionary conservation that was comparable among different genes, we made comparisons between sequences derived from two complete HIV genomes (LA1 and ELI) (table 5). Since LA1 (accession number IS0201 3) and ELI (K03454) are not closely related (figs. 3-6), this comparison provides an indication of the degree of conservation over a long period of time relative to the deepest branch point of available HIV-1 sequences.
The results showed that the peptides were generally hydrophobic, as measured by the percentage of highly hydrophobic residues, and in most cases more hydrophobic than the remainder of the source protein (table  5) . In three of the five peptides examined, there were no nonsynonymous differences between LA1 and ELI in the gene region encoding the peptide but a substantial number of nonsynonymous differences outside the peptide (table 5 ). In the other two cases, dN in the peptide and the remainder of the gene did not differ significantly (table 5) . In these cases, the amino acid differences that were observed in the peptides between LA1 and ELI were generally conservative ones that did not affect the overall hydrophobicity of the peptide to a great extent (table 5) . Therefore, these data suggest that, far from being subject to positive selection favoring diversity, peptides from HIV-l proteins that are bound by the host class I MHC are generally derived from relatively conserved regions, and some are derived from highly conserved protein regions.
Discussion
Our analyses indicate that gp41, gag, and pol are subject to purifying selection overall. Furthermore, TCE derived from these proteins not only are not subject to positive selection favoring diversity at the amino acid level but actually tend to be derived from portions of the source proteins that are subject to purifying selection and thus are relatively conserved evolutionarily.
In the case of gpl20, by contrast, positive Darwinian selection has acted to favor diversity at the amino acid level in certain regions.
However, this positive selection has not acted in the same way on all families of gp120 genes. Positive selection was most frequently found on the V2 region. There was evidence of positive selection on this region in the B, C, and E families and in three of six comparisons between families (tables 3 and 4). In addition, there was evidence of positive selection on the V3 region in two families and on the V4 region in one family (table  3) . Therefore, it appears that positive selection on gp120 has an episodic or opportunistic character. In other words, members of a given HIV-l lineage, sharing a common ancestry and perhaps certain characteristics of their environment, can be temporarily subject to a type of selection that does not necessarily occur in the case of other such lineages. Perhaps differences in clinical stage and/or host genotypes may contribute to differences in the selective environment.
It seems likely that the source of positive selection on gp120 is the vertebrate immune system and that diversity at the amino acid level is favored because it reduces or evades immune recognition by the host. The V regions in which positive selection was found are putative immunoglobulin epitopes, and the V3 region has also been implicated as a TCE. Therefore, it seems possible that such selection can be caused by both the T 9.9 + 0.9 8.6 -t 1.9 3.9 -t 0.6* 13.5 + 2.3 10.0 f 0.9 9.1 * 1.4*** 3.8 + 0.5 9.6 k 1.7 3.5 k 0.5*** 8.3 + 1.4 3.3 + 0.5*** cell and the immunoglobulin components of the host immune system. However, there are several lines of evidence suggesting that selection to avoid immunoglobulin recognition has been the predominant mode of positive selection on gp120. First, positive selection was never observed on any TCE except V3, which is also a putative immunoglobulin epitope. Second, in most families, gag and pol TCE showed significant evidence of purifying selection (tables l-2); significant evidence of purifying selection was also found in the case of TCE in one gp41 family (table 3) . Furthermore, three of the five known class I MHC-bound peptides from HIV-l have been highly conserved over evolutionary time, including one each from pol, gp41, and gpl20 (table 5) . Phillips and McMichael(l993) state that "the appearance of sequence variation which alters the ability of cytotoxic T cells to recognize antigens of the virus is good evidence that this form of immunity exerts a selective force." However, the mere occurrence of such mutations is not in itself evidence that they have been selectively favored. A significantly higher rate of nonsynonymous than of synonymous nucleotide substitution provides much more convincing evidence of positive selection. Alternatively, the hypothesis that an escape mutation has been positively selected can be supported by a study of the viral population within a given host that shows fixation of such a mutation, as recently shown for a hepatitis C virus mutation by Weiner et al. (1995) .
Analysis of known class I MHC-bound peptides suggests that these are derived from often conserved, relatively hydrophobic regions (table 5) . In this respect, these pathogen-derived peptides resemble self protein- derived peptides (Hughes and Hughes 1995) . Hughes and Hughes (1995) suggested that any mechanism that leads to binding of relatively hydrophobic peptides derived from overall relatively hydrophilic proteins will tend to select evolutionarily conserved peptides, because such hydrophobic regions are often functionally important. And any mechanism that leads to binding of predominantly conserved peptides will be to the host's advantage in that it will minimize the likelihood of escape mutants' occurrence in parasite populations (Hughes and Hughes 1995) .
HIV, however, is able to evade the immune system of its host despite the fact that relatively conserved peptides are presented to CTL by MHC molecules. This suggests that evasion of CTL cannot be the only mechanism involved in HIV's successful evasion of immune recognition.
Indeed, the evidence of strong purifying selection in the case of many TCEs is not consistent with the hypothesis that positive selection favoring avoidance of CTL recognition is a major factor in the pathogenesis of AIDS.
